1. Recent changes in agricultural practice have been hypothesized to affect the abundance and reproductive success of farmland birds. The influence of dairy farming on barn swallows Hirundo rustica was investigated by comparison of their abundance, phenotype and reproduction on the same farms before and immediately after dairy farming ceased, while a control sample of farms without change in farming practice in the same years was used to check for temporal changes unrelated to farming practice. 2. The abundance of barn swallows decreased significantly when dairy farming ceased, with an average reduction of 48%, while there was no significant difference in the sample of control farms. This was mainly due to a decrease in the abundance of yearling immigrants. The abundance of insect food measured with sweep nets decreased significantly in the absence of cattle, while there was no significant change in the sample of control farms. 3. The mean phenotypes of adult barn swallows breeding on the same farms with and without dairy farming did not differ significantly for any of the 16 variables measured (11 morphological variables, body mass, parasite load, haematocrit, leucocyte counts, and arrival date), nor were there any significant differences recorded in the sample of control farms. 4. The mean phenotypes of barn swallow nestlings on the same farms with and without dairy farming differed for tarsus length, body mass, haematocrit, leucocyte concentration and T-cell mediated immune response, with nestlings being of poorer quality in the absence of cattle. There was no significant differences recorded in the sample of control farms. 5. Start of reproduction was not delayed in the absence of cattle, but size of first clutches was reduced by the absence of cattle. The frequency of second clutches decreased in the absence of cattle, and laying of second clutches was also delayed. Hatching, fledging and breeding success did not differ between the two types of farming practice. This led to an overall reduction in annual reproductive success in the absence of cattle. None of these significant differences was recorded in the sample of control farms. 6. These observations suggest that termination of dairy farming reduces local population size, reproductive success and the quality of offspring produced. There is little evidence of the distribution of phenotypes of adult barn swallows being affected by the presence of cattle.
Introduction
Farmland habitats cover most of Europe, yet the quality of farmland as a habitat for reproduction of birds and other animals has only been studied intensively in recent years. It has been hypothesized that changes in farming practice have influenced the distribution and abundance of many European birds (Tucker & Heath 1994; Hagemeijer & Blair 1997; Pain & Pienkowski 1997) . Long-term studies of changes in crops and the decline in availability of extensively used parts of the agricultural landscape have been associated with dramatic changes in local abundance of birds (Marchant et al . 1990; Petersen & Jacobsen 1997) . This has been more noticeable in detailed population studies than in standard bird census work (Møller 1989; Petersen & Jacobsen 1997) . Comparisons of the abundance of birds on intensively farmed land and organic farms have demonstrated dramatic differences in bird abundance and diversity (Christensen, Jacobsen & Nøhr 1996; Chamberlain, Wilson & Fuller 1999) . Because birds feed mainly on seeds and invertebrates, the abundance of these taxa must have been affected equally by recent dramatic changes in farming practice (Borg & Toft 2000) . However, most of these hypothesized effects are often based on correlational studies, and the actual mechanisms involved in the association between the quality of farmland habitats and the reproductive success of birds are often poorly known. Many studies of birds, such as the lapwing Vanellus vanellus L. (Matter 1982; Møller 1983b; Baines 1990 ), curlew Numenius arquata L. (Berg 1992) , corncrake Crex crex L. (Stowe et al . 1993) , grey partridge Perdix perdix L. (Potts 1978) , skylark Alauda arvensis L. (Green 1978; Christensen, Jacobsen & Nøhr 1996; Wilson et al . 1997; Poulsen, Sotherton & Aebischer 1998) and cirl bunting Emberiza cirlus L. (Evans & Smith 1994) , have provided detailed information about the effects of farming practice on abundance and reproduction of farmland birds due to effects on habitat choice, foraging and food. However, a better knowledge of the mechanisms contributing to these observed effects is essential for understanding changes in abundance and distribution.
The barn swallow Hirundo rustica L. is one of the most widespread and common breeding birds in the Palaearctic, with the total population exceeding 220 million (Moreau 1972) . Breeding bird censuses and detailed local population studies have indicated that the population size in many parts of Europe has decreased by more than 50% during recent decades (Møller 1989; Marchant et al . 1990; Tucker & Heath 1994; Møller & Vansteenwegen 1997) . Barn swallows in northern Europe mainly breed on farms with cattle (Glutz von Blotzheim 1985; Cramp 1988) , and dramatic declines in the number of dairy farms in recent years may have precipitated the decline in numbers in parts of the European range. However, the exact causes are unknown, although changes in farming practice and a decline in the quality of the winter quarters in Africa have both been proposed (Møller & Vansteenwegen 1997) . There is currently no evidence available to assess the hypothesis that farming practice is an important determinant of population size. Previous studies of the barn swallow have indicated that colonies on farms tend to be larger on dairy farms than on farms with other domesticated animals or without animals (Hølzinger 1969; Landmann & Landmann 1978) , although there have been no attempts to test whether reproductive success differs between farms operating under different farming regimes.
An assessment of the impact of farming practice on the abundance and reproduction of animals is difficult by definition because real experimental manipulations often are impossible for logistic and economic reasons. The level of replication needed to test a hypothesis critically would require dramatic investments as individual farms represent the statistically independent observations. A slightly less powerful, but more feasible, method is to use the same farms in the absence and presence of a particular farming practice using a paired statistical design. This approach will control for the effects of topography, soil type, general habitats and the influence of neighbouring farmland on individual and population processes. The present study investigated the effects of dairy farming on the abundance, distribution and reproduction of barn swallows in a sample of 15 farms, before and after the cessation of dairy farming. A control sample of 15 farms without any changes in farming practice from exactly the same years was used to test whether there were any changes in the variables of interest due to temporal changes in an uncontrolled variable. Because the individual breeding barn swallows were the same for all survivors (on average 35% of adults; A.P. Møller & T. Szép, unpublished data) , and because the breeding habitats and most foraging habitats close to the farms remained the same before and after the specific change of practice, any change in abundance, phenotype of breeders and their offspring and any change in reproduction was likely to reflect the change in farming practice. Furthermore, as the change in farming practice took place in different years (see the Methods), it was likely that annual fluctuations in abundance, phenotypes and reproductive parameters were evened out across the entire data set.
The following predictions were tested based on our knowledge of barn swallow behaviour and biology. (i) If the presence of dairy cattle favours breeding barn swallows, the abundance of breeding birds should decrease after the cessation of dairy farming. If the benefit to barn swallows is due to increased availability of insects, food abundance in the presence of dairy cattle should be greater than in their absence. (ii) If adult barn swallows are attracted to farms with cattle, and if their ability to settle on these farms is related to the phenotypic quality of individuals in some way, we should expect the phenotypes of adults to differ between farms with and without dairy cattle. Specifically, we should expect barn swallows on farms with cattle to have long tails, larger body sizes, greater body masses, fewer parasites, higher haematocrits, lower leucocyte counts, and earlier arrival dates than conspecifics on farms without cattle, as all these variables are associated with high phenotypic quality (Møller 1994) . (iii) If reproductive success of barn swallows is enhanced by the presence of cattle, we should expect barn swallows on farms with cattle to start laying earlier, have larger clutch and brood sizes, have greater hatching, fledging and breeding success, and to have a higher frequency of second clutches than barn swallows on farms without cattle. (iv) Finally, if the presence of cattle improves the quality of offspring, we should expect nestlings on farms with cattle to be larger, heavier and in better body condition, and to have fewer parasites, higher haematocrits, fewer leucocytes, and greater T-cell mediated immune responses than nestlings on farms without cattle.
Methods
The barn swallow is a small ( c. 20 g), socially monogamous, semi-colonial passerine feeding on insects caught on the wing. Sexual size dimorphism is slight, with the exception of the outermost tail feathers which are on average 20% longer in males than in females in a Danish population (Møller 1994) . Males arrive at the breeding grounds before females, establish a small territory at the breeding sites, inside buildings, in culverts and under bridges, and attempt to attract a mate. A male and female subsequently build a nest, where the female lays a clutch of three to eight eggs. Incubation is by the female alone, while both pair members feed the offspring (Møller 1994) . In the Danish population studied by Møller (1994) , most pairs raise two broods per year. Barn swallows feed on large, actively flying, insects, mainly Diptera but also some Aphidoidea, Coleoptera, Lepidoptera and other taxa ( Møller 1994) . Extensive studies have shown that barn swallows prefer large insects over small ones, as determined from the size of eaten insects and those sampled in the foraging areas, while there is little evidence of preference for particular taxa (Turner 1980; Loske 1994; A.P. Møller, unpublished data) .
The data in this study were collected at Kraghede (57 ° 12 ′ N, 10 ° 00 ′ E), Denmark, during May-September 1970 -99 , to increase the population size as the population declined. A detailed description of the study site and its breeding population of barn swallows is given in Møller (1994) .
Among the study farms, a total of 15 farms abandoned dairy farming from one year to the next during the study, and they comprise the database for the tests presented in this paper. These farms abandoned dairy farming in 1974, 1975, 1978, 1992 (two farms), 1993 (three farms), 1994 (three farms) and 1995 (four farms). The last year with dairy farming was the last full summer before dairy farming ceased, while the subsequent year was considered a year without dairy farming. None of these changes in farming practice was associated with buildings being closed for swallows. Hence there was no reason to believe that nest sites became limited as a consequence of changes in farming practice. All farms changed from dairy farming to production of mainly barley, wheat, potatoes and oilseed rape. However, all farms maintained pastures around the farm buildings for beef production, horses and sheep. Thus there was no reduction in the area of pasture around farm buildings where most foraging by barn swallows took place (Møller 1985) . An extensive study of foraging distances from the nest site using adult birds with their ventral sides individually coloured, revealed that more than 98% of all foraging took place within a distance of 500 m and slightly less than 50% within 100 m (Møller 1985) . The total number of adult barn swallows recorded during the study was 2607 individuals, and the total number of first clutches was 1198. The 15 farms that abandoned dairy farming included 286 adult individuals the year before and 150 adult individuals the year after dairy farming was abandoned, and 143 and 75 first clutches before and after dairy farming was abandoned. A control sample of 15 farms that did not change farming practice during exactly the same years was used to test whether there was a significant temporal change in the variables of interest independent of farming practice. The sample of 15 control farms included 262 adults in the first year and 236 adults in the second year, while information on reproduction was available for 131 and 118 first clutches in the first and the second year, respectively. The two samples of farms were only comparable if the phenotypic characters of barn swallows breeding on the two kinds of farms did not differ significantly. Unpaired t -tests for all the parameters listed in Tables 1-3 did not reveal any significant differences between the sample of farms that abandoned dairy farming and the sample of control farms, after the significance level was Bonferroni adjusted. Thus there was no indication of this kind of bias.
Breeding barn swallows have been censused in the study area since 1970. Adult barn swallows were ringed annually by mist netting, with an annual capture efficiency of more than 97% (A.P. Møller & T. Szép, unpublished data) according to estimates of capture efficiency using capture-recapture estimates (Lebreton et al . 1992) . Intensive searches for nest sites were made weekly and all nestlings were ringed when 12-14 days old. The number of breeding pairs was estimated as the number of pairs building nests.
The food abundance in farms with and without dairy cattle was estimated from sweep netting. Nine transects of 20 m in each 40 ° direction from the farms were sampled in the last year of dairy farming and in the following year. Transects were only made close to farms and all transects were conduced on pastures. All transects consisted of a total of five sweeps with the net (circular opening with a diameter of 0·5 m) at a height of 1 m above ground level. Transects were made on a sunny day with less than 10% cloud cover and wind less than 1 Beaufort in the morning, between 10:00 and 12:00 in the period 15-30 June. Insect abundance was recorded as the total number of insects per five sweeps. Previous studies have shown that swallow colony size on farms is positively correlated with this measure of food abundance (Møller 1987) , and that feeding rates at nests are positively correlated with this measure of food abundance (A.P. Møller, unpublished data).
Insects were preserved in alcohol and subsequently identified to family. Among the 1266 insects sampled, 49·1% were Diptera (mainly Muscidae, Tabanidae and Syrphidae), 48·1% Aphidoidea, 4·8% Coleoptera, 0·6% Lepidoptera and 0·6% other insects. This compares with 58·1% Diptera (mainly Muscidae, Tabanidae and Syrphidae), 35·6% Aphidoidea, 3·8% Coleoptera, 1·7% Lepidoptera and 0·9% other insects in the diet of barn swallow nestlings in the study area ( n = 3188 insects collected using the ligature method to obtain food boluses; A.P. Møller, unpublished data).
   
Adult barn swallows were captured every year in mist nets (and to a small extent in sweep nets on or near the nests), and the following phenotypic traits were recorded: the length of the flattened wing, the length of the two outermost and the central tail feathers (the mean of the right and the left value is hereafter tail length), and the wingspan after stretching the wings to the maximum possible, all measured to the nearest millimetre with a ruler; length, depth and width of the beak and the length of the tarsus and the keel to the nearest 0·01 mm with a digital calliper; and body mass to the nearest 0·1 g with a Pesola spring balance. The circumference of the stretched right wing was traced onto paper when the front of the wing was held at an angle of 90 ° towards the body axis (Norberg 1990) . Wing loading was calculated as body mass times 9·81 divided by the area of the right wing multiplied by 2, plus the area of the square between the two wings calculated from the wingspan and the width of the right wing at its base (Norberg 1990 ). All morphological characters were measured with a high degree of precision, as determined from very high repeatabilities of morphological characters measured the same and subsequent seasons (Møller 1991a; Møller 1994; Møller, de Lope & Saino 1995) . Body condition was estimated as the residuals from a linear regression of body mass on the cube of tarsus length.
The abundance of two species of parasites was determined for all adults: chewing louse Hirundoecus malleus L. abundance was assessed from the number of small holes that this species chews in wing and tail feathers of barn swallows (Møller 1991b) . Previous studies using extraction of live chewing lice and counts of holes in feathers showed a strongly positive correlation between the two estimates of abundance of chewing lice (Møller 1991b) . The abundance of the tropical fowl mite Ornithonyssus bursa Berlese in nests was assessed on the following fledging by placing a hand on the rim of the nest for 10 s. The number was then scored on a logarithmic scale as 0, 10, 100, 1000 or 10 000. This method is reliable as validated by extraction of mites from nests (Møller 1991b) .
When adult birds were captured, two 75-µ l capillary tubes were filled with blood from the brachial vein, and the capillaries were stored in a cooling bag until the samples were centrifuged for 10 min at 11 500 r.p.m. Two physiological measures of condition were recorded. Low haematocrit values (the percentage of blood that consists of erythrocytes after centrifugation) are characteristic of anaemia but also low physical condition (Coles 1997) . Elevated buffy coat levels (which mainly consist of leucocytes and fibrinogen) indicate general health problems with increased production of leucocytes to counter infections (Coles 1997) . Haematocrit and the buffy coat were measured with a digital calliper to the nearest 0·01 mm.
The age of individual barn swallows was estimated to be the number of years recorded in the study area, with the assumption that the first capture was in the first year of life. This assumption was justified as all 135 local recruits were captured as breeding birds in their first year of life (Møller 1994; A. Møller, unpublished data) .
The arrival date was estimated as the first capture date during the years of intensive capture, when barn swallows were captured daily during the arrival period.
  
Reproduction of barn swallows was recorded during regular visits to nests throughout the breeding season, often daily around the time of laying, hatching and fledging, but at least twice per week. The laying date was recorded as the date when the first egg was laid, assuming that one egg was laid daily, which is usually the case (Møller 1994) . Clutch size was defined as the number of eggs laid in succession in a nest, while brood size at hatching was the number of nestlings that hatched and brood size at fledging the number of nestlings that fledged. Hatching success was brood size at hatching divided by clutch size; fledging success was brood size at fledging divided by brood size at hatching; and breeding success was brood size at fledging divided by clutch size. The frequency of second clutches was the proportion of pairs initiating a second clutch. This information was recorded for all clutches during the entire study period.
   
When nestlings were 12 days old, their tarsus length and body mass were recorded as described above. An index of body condition was calculated as residuals from a regression of body mass on tarsus length 3 . All statistical analyses were based on brood means.
Two blood samples were obtained from each nestling and used to estimate haematocrit and leucocytes, as described above.
At the age of 12 days, all nestlings were injected intradermally in the wing web (the patagium) with 0·2 mg of phytohaemagglutinin-P (PHA; Sigma L-8754, Sigma Inc., St Louis, MO) in 0·04 ml isotonic saline (the antigen injection), while the left wing web was injected with the same amount of saline only (a control injection). The thickness of wing webs was measured immediately before and 24 h after injection in inoculated sites using a pressure sensitive calliper known as a spessimeter (Alpa S.p.A., Milano, cod. SM112, Teclock, Japan), with an accuracy of 0·01 mm. To express the reaction to PHA while controlling for the effect of injection per se and thickening due to saline injection, we calculated the difference between the change in thickness of the right PHA-injected wing web (thickness 24 h after injection minus thickness before injection) and the corresponding change in thickness of the left wing web, injection with only saline. This procedure followed Saino, Calza & Møller (1997) in their study of barn swallows. The thickness of the wing web was measured three times before and after PHA injection, and the average of these three measurements was used in calculations. The repeatability of the wing web index was high and highly significant (Saino, Calza & Møller 1997) .
 
A relatively small number of farms with a change in farming practice was studied. Hence the power of statistical tests was relatively low. The power was increased by making pairwise comparisons for the response variables for the same farms with and without the presence of cattle. Thus, the statistically independent observation was the individual farm, and mean values were calculated for all variables for each farm before and after dairy farming ceased. Paired t -tests were used to compare the mean values under the null hypothesis that the means were unaffected by the absence of cattle.
A large number of statistical tests was made, and the overall level of significance was Bonferroni adjusted for multiple tests to control the type I error rate (Holm 1979; Wright 1992) . Strict application of this method severely reduces the power of tests (Wright 1992), but such sacrificial loss of power can be avoided by choosing an experiment-wise error rate higher than the usually accepted 5%. I used 10% as suggested by Wright (1992) and Chandler (1995) .
Values reported are means (SE) throughout.
Results

       
The number of farms with cattle within the study area decreased dramatically over the study period 1970-99 (Fig. 1a) . Barn swallows were closely associated with dairy farms in the Kraghede study area, where 83·7% of all 2194 recorded breeding pairs were found on dairy farms in any single year (Fig. 1b) . The observed and expected number of dairy farms with barn swallows differed significantly from a random distribution across farms ( χ 2 -test, χ 2 > 5·88, P < 0·05 in all years). Hence, the observed number of barn swallows on dairy farms was greater than expected based on the number of farms available.
The local abundance of breeding barn swallows decreased significantly when dairy farming ceased. The average colony size decreased by 48% when cattle disappeared [colony size in the presence of cattle: 9·53 (1·95); colony size in the absence of cattle: 5·00 (1·46), paired t -test, t = 6·13, d.f. = 14, P < 0·001]. In the control farms colony size did not decrease significantly during the same period [colony size in the first year: 8·73 (1·16); colony size in the second year: 7·87 (1·06), paired t -test, t = 0·94, d.f. = 14, P = 0·36].
Insect abundance on farms was significantly affected by the presence of dairy cattle. The mean abundance of insects was 52% fewer in the absence of dairy cattle than in their presence [dairy cattle present: 6·34 (0·45) insects per five sweeps; dairy cattle absent: 3·04 (0·26) insects per five sweeps; n = 15 farms, paired t -test, t = 8·76, d.f. = 14, P < 0·001]. There was no significant change in insect abundance on the control farms during the same years [first year: 6·37 (0·47) insects per five sweeps; second year: 6·33 (0·44) insects per five sweeps; n = 15 farms, paired t -test, t = 0·23, d.f. = 14, P = 0·82].
    
A very large number of morphological and other phenotypic characters was recorded for male and female barn swallows, and comparisons were made between adult barn swallows breeding in the presence and absence of dairy cattle. Almost all of these statistical tests were not statistically significant (Table 1) . Hence there was little evidence that dairy farming affected the distribution of individuals of different phenotypes, with just three variables indicating significant differences for males and two for females. However, the percentage of yearlings recruited to colonies was reduced in the absence of cattle, as indicated by a lower frequency of yearlings after the cessation of dairy farming, and this effect was significant for females even after Bonferroni correction for the number of statistical tests (Table 1) . For the control farms with no change in farming practice there were no significant differences in phenotypes of adults between years after Bonferroni correction ( Table 1) .
   
Reproduction of barn swallows in the presence and the absence of cattle was recorded at a number of different stages of the reproductive cycle (Table 2) . Most reproductive parameters did not differ significantly between the two categories. However, the size of the first clutch decreased significantly on farms that abandoned dairying, and this difference was not found in the control sample of farms. Similarly, the frequency of second clutches fell on farms abandoning dairying, but did not in the sample of control farms. Hence annual reproductive success measured as the number of offspring produced in first and second clutches combined decreased significantly when farmers ceased dairy farming ( Table 2) . Because the frequency of second clutches changed after dairy farming ceased, this implied that any differences in reproductive parameters of the second clutch could have arisen from effects of dairy farming and/or a different sample of adults contributing to the sample.
    
The effects of the presence of cattle on the quality of nestling barn swallows were assessed in a pairwise comparison. The phenotypes of nestlings with and without cattle differed in several respects (Table 3) . Nestlings from dairy farms tended to have longer tarsi (on average 3·7%) and a significantly larger body mass (on average 4·6%) and body condition index before the abandonment of dairying. There was no similar change in the sample of control farms (Table 3 ). The abundance of tropical fowl mites did not differ between farms. Haematocrit was reduced significantly (on average by 9·6%), while leucocyte abundance increased significantly (on average by 64%), after the abandonment of dairying. No significant difference was found in the control farms ( Table 3 ). The measure of T-cell mediated immune response (PHA response) fell significantly, with a mean reduction of 32% after cessation of dairy farming (Table 3 ). There was no significant change in the sample of control farms. Hence, the presence of cattle affected the phenotype of barn swallow nestlings produced on those farms.
Discussion
      
The consequences of farming practice on barn swallow abundance and reproductive success were investigated using longitudinal information for two kinds of farms: farms that abandoned dairy farming, and a control group of farms that did not change farming practice. The consequences of farming practice on barn swallows was assessed immediately following the sudden cessation of dairy farming. As many of the same birds were breeding on a farm under these two different conditions, the study can be considered to assess the influence of farming practice on performance of barn swallows under different environmental conditions. This approach is semi-experimental in the sense that many factors potentially affecting performance of barn swallows will be kept constant. Therefore, the power of the statistical tests is considerably enhanced. Farming practice may affect the abundance, distribution and reproductive success of barn swallows. The present study provides a statistical test of this hypothesis. Barn swallows are disproportionately associated with dairy farming in the Kraghede study area (Fig. 1) , and presumably also in other parts of northern Europe ( Glutz von Blotzheim 1985; Cramp 1988) . Populations fluctuate dramatically between years (Møller 1989 ), making it difficult to identify those factors that contribute to annual fluctuations at a local scale. However, when local population size was estimated as colony size it was found to decrease significantly when dairy farming ceased (on average by 48%). As breeding philopatry is extremely high, with almost all surviving birds breeding at the same site year after year (Møller 1994) , this result implies that local recruitment was reduced at farms when dairy farming ceased. Consistent with this suggestion, the age distribution of barn swallows changed towards older birds when dairy farming ceased (Table 1) . The benefits of dairy farming for barn swallows include high food abundance (mainly Diptera), barns with constant high ambient temperatures that reduce the energy costs of incubation, brooding and thermoregulation in offspring and adults, and availability of nest sites. Food abundance is likely to be of particular importance because it will directly affect the condition of barn swallows, particularly during poor weather conditions. Food abundance measured from sweep netting was more than 52% lower on farms without cattle compared with those where cattle were present. Barn swallows usually feed at a height of 0-5 m above ground level (Turner 1980) , and most foraging takes place within a distance of a few hundred metres from the colony and almost all within 500 m (Møller 1987) . Hence, the measure of food abundance recorded in the present study is likely to be biologically meaningful for barn swallows. This assumption is supported by a strong positive correlation between colony size and food abundance measured with sweep netting (Møller 1987) . The hypothesis that ambient temperature may affect reproductive success has been investigated in hole nesting birds, and high temperatures may affect metabolism considerably (Mertens 1987) . However, there is little evidence of barn swallow reproduction differing between barns with different temperature regimes (Löhrl & Gutscher 1973) . The availability of nest sites seems relatively unimportant, as the barn swallow population in the study area was several times larger in the early 1970s than today without any significant change in the number of nest sites. Furthermore, none of the farm buildings was closed for barn swallows after dairy farming ceased.
Differences in the abundance of barn swallows on farms with and without cattle may be due to effects on local recruitment or differential emigration. The phenotypes of male and female adult barn swallows on farms with and without cattle generally showed little evidence of significant differences (Table 1) . Adult barn swallows on dairy farms were not larger nor in better condition than barn swallows on these farms after cessation of dairy farming. Similarly, male tail length, which is a secondary sexual character, did not differ between the two situations. Parasite load and health parameters, such as haematocrit and leucocyte counts, were also similar on farms with and without cattle. Finally, arrival date was not significantly different on farms with and without cattle ( Table 1) . The very large number of tests provided little evidence of phenotypes of adult barn swallows changing when dairy farming ceased. This conclusion suggests that the distribution of adults of different phenotypes is unaffected by farming practice.
    
Because food abundance was affected by the presence of dairy cattle, this may translate to differences in fledging success. Thus variables relating to reproduction could potentially be influenced by farming practice. Laying date may be affected by food availability (Lack 1966; Rowe, Ludwig & Schluter 1995; Martin 1987) ; however, barn swallows did not breed later when cattle were absent (Table 2) . Similarly, clutch size may be affected by food availability (Lack 1947 (Lack -48, 1966 Martin 1987) ; the barn swallows were found to have larger clutches in the presence of dairy cattle ( Table 2 ). The reproductive variable that was most strongly affected by dairy farming was the frequency of second clutches, which was reduced by 30% in the absence of cattle compared with when cattle were present (Table 2) . Thus, mean annual reproductive success was reduced by the absence of cattle. There was no such effect among control farms where farming practice did not change. Differences in local abundance may have caused density-dependent effects on reproductive success, and this would invalidate the paired comparison between the situation before and after cessation of dairy farming. This seems unlikely because performance generally was better before abandonment of dairy farming. Furthermore, there is little evidence of density-dependent reproduction in this barn swallow population (Møller 1989) . Not only the quantity but also the quality of offspring was affected by farming practice. Nestlings tended to be smaller and had significantly lower body mass when cattle disappeared from farms (Table 3) . Nestling body mass has been shown to correlate positively with probability of local recruitment in birds in general (Lack 1966) and in barn swallows in particular (Møller 1994) . The change in offspring condition affected by cessation of dairy farming also influenced measures of health status, such as haematocrit, leucocyte counts and T-cell mediated immune response as assessed by the PHA test (Table 3 ). The latter injection is known as a stimulant of T-cell inducing mitogenic activity (Roitt, Brostoff & Male 1996) and it provides a reliable measure of the cellular immune response in vivo (Goto et al . 1978; McCorkle, Olah & Glick 1980) . Subcutaneous injection with PHA produces a complex series of physiological reactions, externally viewed as an inflammatory local response (Goto et al . 1978) . Low haematocrit values are characteristic of anaemia, but also low physical condition (Coles 1997) . Elevated buffy coat levels indicate general health problems with increased production of leucocytes to counter infections (Coles 1997) . Differences in these measures were not found on farms where farming practice did not change. Hence, nestlings produced in the absence of dairy farming showed several general indications of poor condition. Extensive studies of barn swallows in the Kraghede study area, and in other populations in Italy and Spain, have shown that surviving nestlings have higher haematocrit and lower concentrations of leucocytes than nestlings that died in the nest (A.P. Møller , N. Saino & F. de Lope, unpublished data) . Thus, it seems likely that the physiological differences reported here will be associated with differences in viability.
Host immune function has been shown to be positively affected by body condition in general, particularly in birds (Chandra & Newberne 1977; Møller et al . 1998) . As barn swallow nestlings with strong T-cell dependent immune responses are generally in prime condition, as determined by the positive relationship between parental feeding effort and immune response (Saino, Calza & Møller 1997) , it seems likely that nestlings raised on farms without dairy cattle will have a reduced likelihood of recruiting into the breeding population.
The presence of dairy cows has a strong effect on the abundance, distribution and reproductive success of barn swallows. This effect acts mainly through the abundance of food (large Diptera). All changes in farming practice were to arable farming producing a mixture of grain, potatoes and oilseed rape, so the importance of other types of farming for swallows could not be assessed directly. However, previous studies have indicated that dairy farming rather than pig farming or other kinds of animal husbandry is the single most important predictor of the abundance of breeding barn swallows (Hölzinger 1969; Löhrl & Gutscher 1973; Landmann & Landmann 1978; Møller 1983a) . Thus dairy farming is necessary to sustain a large population of barn swallows in the study area. Changes in farming practice during the last 30 years have consisted mainly of a reduction in the number of dairy farms and concentration of cows in a few, large, farms (Møller 1983b ; Fig. 1 ). These changes are a direct consequence of farming subsidies within the European Community, which have encouraged cessation of dairy farming, thereby having dramatic effects on farming practice and land use in most parts of western Europe.
In conclusion, barn swallows were disproportionately common on farms with dairy cows compared with farms without cows, and cessation of dairy farming was followed by a reduction in the size of the swallow breeding population. There was an association between an elevated abundance of insects on dairy farms and the number of swallows. However, different phenotypes of adult barn swallows were distributed randomly across farms with different farming practices. Barn swallow reproduction was negatively affected by the absence of cows, and barn swallows on such farms seemed to produce fewer, low quality, offspring, thus potentially reducing recruitment rate.
